Background: Hepatic decompensation in cirrhosis heralds an accelerated course with poor survival. An increase in hepatic venous pressure gradient (HVPG), rather than surrogate tests of liver function, appears to be the sole predictor of decompensation after surgical resection. We propose that hepatic sinusoidal walls become less elastic as cirrhosis progresses. Decompensation signals the development of increased vessel wall rigidity. The pressureflow characteristics then become subject to Hagen-Poiseuille's law, which applies only to rigid, cylindrical vessels. Thereafter, HVPG rises exponentially (by a factor inversely proportional to the fourth power of the net radius of functional sinusoidal vessels , 1/r 4 , at any given hepatic blood flow rate. This review attempts to correlate liver stiffness, risk of decompensation and outcomes from hepatocellular carcinoma (HCC) in patients with cirrhosis. Summary: We compare the complexity of autoregulation in the normal elastic liver, which has a unique dual blood supply, with that in the rigid cirrhotic liver. We also review, in the context of background liver cirrhosis, the management of HCC which is in essence, a solid mass of unorganized cells that exacerbates liver stiffness. We discuss the differential effects of various therapeutic modalities such as liver transplantation, loco-regional therapy and drugs on HCC outcomes, based on their effects on HVPG. Key Messages: Increased hepatic artery supply, or the hepatic artery buffer response, may be the only available method for autoregulation or maintenance of hepatic blood flow in the cirrhotic liver. In HCC, loco-regional therapies, including partial resection of the cirrhotic liver, can exacerbate portal hypertension by in-
crovasculature of the liver is unique in that there is a dual blood supply. Approximately 80% originates from the portal venous system at a low pressure of around 15 mm Hg; the remainder, around 20%, derives from the hepatic artery at considerably higher pressures (peak 120 mmHg) in the terminal hepatic arteriole. The combined systems perfuse the hepatic sinusoids at pressures around 3-6 mm Hg.
The portal venous system in the normal liver is a passive vascular bed. Active portal venous autoregulation was not observed in the dog [18] . A myogenic response has been described in arterial resistance vessels that control blood flow in the liver [18] . A stepwise reduction in portal venous flow is associated with a simultaneous increase in hepatic arteriolar flow, a phenomenon known as the HABR [19] .
The effectiveness of this autoregulation is illustrated by the fact that a 62% resection of the normal pig liver increases portal venous pressure from 6.1 mm Hg to just 8.2 mm Hg, despite the significantly increased blood flow to the liver remnant. After 75% resection, portal venous pressure doubles to 12 mm Hg. It is not until more than 90% of the liver is resected that a major rise in sinusoidal pressure occurs. The rise in pressure leads to a marked increase in sinusoidal diameter and concomitant histological liver damage [13] .
Several compounds have been designated as potentially responsible for liver autoregulation: acetylcholine, endothelium derived relaxing factor (NO), CO, and H 2 S are possible vasodilators, whereas the three isopeptides of endothelium constricting factor endothelin, ET-1, ET-2 and ET-3, are possible vasoconstrictors. The adenosine washout hypothesis suggests that adenosine might exert physiological control and that the hepatic arterioles dilate when adenosine builds up in the space of Mall. The targets for the candidate compounds include hepatic stellate cells that have a peri-sinusoidal distribution and smooth muscle cells that are located proximal or distal to the hepatic sinusoids.
It is important to note that in the normal liver, hepatic arterial flow may not be crucial or essential for liver viability and may serve largely to buffer the portal venous flow. Thus, acute ligation of the hepatic artery has little impact on liver metabolism. By contrast, when the main portal trunk is ligated, sinusoidal flow is significantly reduced [20] .
Autoregulation: The Cirrhotic Liver
The normal liver has a symmetric architecture allowing blood to flow in an orderly fashion from portal vein and hepatic artery radicals within the portal triads, across the sinusoids to the hepatic vein. By contrast, disorganized nodules disrupt the symmetrical, acinar structure in the cirrhotic liver [21] .
Scant data are available on hepatic blood flow in the cirrhotic liver in humans, but some are available in animals. In the CCl 4 cirrhotic rat model, total hepatic flow is significantly lower than in normal rats [22] . This results mainly from reduced flow in the low-pressure portal venous system. There is some compensation for this from an increased hepatic artery flow, which doubles its contribution from 20% in the normal liver to 40% in the well-compensated cirrhotic liver.
Pressure Gradient in Normal and Cirrhotic Liver
The Hagen-Poiseuille equation, ΔP = 128 µLQ/ πr 4 , is a physical law in fluid dynamics that governs the pressure gradient ΔP in a fluid with viscosity μ flowing through a rigid cylindrical pipe of length L and radius r at volumetric flow rate Q. Thus, the pressure gradient ΔP is inversely related to r 4 , and any change in the net area or radius of perfused sinusoids, will result in exponentially larger changes in the pressure gradient.
The normal liver is soft and elastic and the sinusoidal vessels distensible. It is, therefore, not directly subject to the Hagen-Poiseuille law. A passive increase in vessel radius at least partially accommodates any increase in flow and buffers changes in the hepatic venous pressure gradient.
By contrast, the sinusoidal vessel walls become more rigid and attenuated with increasing liver fibrosis and advancing cirrhosis. Thus, at a constant flow rate progressive reduction in net area or radius of sinusoidal vessels with advancing disease would cause the pressure gradient to rise exponentially Similarly, a relatively small increase in sinusoidal blood flow could result in a large increase in the pressure gradient in a cirrhotic liver with rigid vessel walls. Increased HVPG increases sinusoidal shear stress and will worsen liver ischemia.
Large or multifocal hepatocellular carcinomas (HCCs) that comprise nodules of unorganized hepatocytes growing into outflow vessels and surrounded by inflammatory cells can also increase liver stiffness. Liver stiffness can be objectively measured using a FibroScan [23] and is an independent predictor of HCC outcome [24] . Liver elasticity can be independently assessed using magnetic resonance elastography or elastography. A number of recent studies have shown that transient elastography correlates well with HVPG [12, 25] . These tests could prove more predictive of post-resection outcomes than current functional tests [10] . Meta-analysis of studies of liver stiffness suggests an association with risk of decompensation, liver cancer and death in patients with chronic liver disease [26] .
Management of HCC in the Cirrhotic Liver: Significance of Liver Stiffness or Portal Hypertension
HCC is a leading cause of cancer-related deaths worldwide, accounting for more than 600,000 deaths each year [27] . In the United States, the incidence has tripled over the past three decades. It is estimated that more than 20,000 cases are diagnosed each year [27] .
In the second part of this review, we discuss the current management of HCC in the context of portal hypertension. Loco-regional therapy, including surgical resection, reduces the net surface area or radius of functioning sinusoids in the remnant liver. The impact of net sinusoidal radius r 4 of the liver remnant correlates with the volume of liver removed. This has greatest significance for the stiff liver and correlates with outcome.
Liver Transplantation versus Surgical Resection for HCC
In patients with compensated or decompensated cirrhosis and early HCC that falls within the Milan criteria [28] , liver transplantation probably offers the best survival outcome [29, 30] . Based on intention-to-treat analysis, 1-, 3-and 5-year survival after liver transplantation has been reported as 85%, 69% and 69% [31] . The availability of donor livers is the most important limitation [31] . Liver transplantation is a better alternative than resection in patients with underlying portal hypertension. The liver graft in the immediate posttransplantation period has characteristics suggestive of a stiff liver. Viability is dependent on blood supply from the hepatic artery [32] .
Surgical Resection
Surgical resection is a therapeutic alternative to transplantation in HCC management [33] . However, resection is frequently associated with decompensation in patients with evidence of portal hypertension and increased HVPG [34] . This severely restricts the number of patients that can be treated with resection [35] .
The peri-operative mortality for surgical resection in experienced centers is less than 3% and the 5-year survival rate is 70% or more. However, there is increased risk of tumor recurrence in the diseased liver that can exceed 50% at 5 years [36, 37] . DNA microarray and other studies suggest that up to 70% of these tumor recurrences are intrahepatic metastases and only 30% truly arise de novo [38] . There is also the risk of incomplete resection, because surgery tends to be conservative as a result of the reduced FHR and RP in the cirrhotic liver.
After liver resection, the net available cross-sectional area or radius of perfusable sinusoids r 4 in the remnant liver is reduced. In the stiff cirrhotic liver, this can translate into an acute rise in the pressure gradient. The damage induced by the ensuing shearing forces within the sinusoids is more marked in patients with pre-existing portal hypertension. Therefore, unlike transplantation, resection is limited to cirrhotic patients without existing evidence of increased HVPG or hepatic decompensation.
In preparation for resection, portal vein embolization has been used successfully for many years to induce hypertrophy and hyperplasia of the future liver remnant [39, 40] . Although, less effective for the advanced cirrhotic liver [41] , the reduction in net radius of perfused sinusoids r 4 is attenuated, as is the subsequent rise in pressure gradient. We propose that mechanisms for reducing HVPG in the remnant liver such as artificial shunting or drugs that can reduce sinusoidal pressure might also reduce the risk of decompensation.
Locoregional Therapy: Influence of Portal Hypertension
Locoregional therapy involves techniques for local control of tumor growth. Currently, common modalities for treatment include tumor ablation (either percutaneous or laparoscopic) [42] , transcatheter intra-arterial therapies (including injection of chemotherapy or radiation-emitting beads, often with additional embolization/occlusion of arterial flow) [43, 44] and targeted ablative radiation (i.e., stereotactic radiotherapy or CyberKnife). The goal of these therapies is to induce localized, targeted destruction or injury to tumor while minimizing injury to surrounding liver. Additionally, loco-regional procedures are largely done with some form of imaging guidance and in a minimally invasive manner.
The influence of liver stiffness, portal hypertension and HVPG on the outcomes of locoregional therapies depends in large part on the volume of liver damaged or removed. Detailed descriptions of the techniques and clinical outcomes for locoregional therapies fall outside the scope of this article, but are readily available in the literature.
Tumor Ablation
Tumor ablation with image-guidance via percutaneous or laparoscopic approaches induces local tissue injury and cell death. Ablation treats focal HCC in a very targeted manner. The planned area of ablation includes a 5-to 10-mm rim of surrounding normal tissue to achieve an ablative margin. Detailed reviews of the principles of ablation are readily available in the literature [45, 46] .
Several ablative modalities are in current clinical use. High-temperature radiofrequency (RF) ablation platforms, where temperatures of >60°C are induced throughout the target area, are by far the most commonly used in HCC. Long-term survival in patients with small tumors (<3 cm), well-compensated (Childs A) cirrhosis and normal or marginally elevated portal pressures approaches 70% in experienced centers [46] [47] [48] [49] . Chemical ablation with ethanol injection, while previously used commonly for HCC, is now reserved for lesions not amenable to thermal ablation. Other newer [50] modalities, such as ultrasound-based thermal ablation (i.e., High-intensity focused ultrasound) or non-thermal irreversible electroporation are still largely experimental.
The current clinical guidelines restrict tumor ablation to focal tumors 3-5 cm in diameter. Therefore, the impact of these small changes in sinusoidal vessel area or radius in the liver remnant and consequently on HVPG is likely to be small, even when multiple tumors are ablated simultaneously. This is borne out by the results from very large studies that have dem-onstrated that tumor ablation is well tolerated, with little to no effect on FHR or surrogates of portal hypertension such as ascites or post-procedural variceal bleeding [50] [51] [52] [53] .
Small segmental and branch portal venous thrombosis is sometimes seen after adjacent RF ablation and could conceivably increase local portal pressure. However, the incidence of this is fairly low, because blood flow protects vascular structures by removing heat from the ablation zone (the heat-sink effect). Reports of occlusion of large branches or of the main portal vein from thermal ablation are rare [54] . Theoretically at least, increased portal hypertension can, by enlarging segmental portal veins, remove heat from the ablation zone [55] and contribute to incomplete tumor ablation [56] . Newer ablative modalities, such as microwave-based platforms that can achieve higher tissue temperatures, are less susceptible to the heat-sink effect [57] .
Transcatheter Intra-Arterial Therapies Transcatheter intra-arterial therapies for HCC predominantly include chemoembolization (TACE) using a mixture of chemotherapy emulsified in lipiodol (also known as conventional TACE or lipiodol-TACE) or loaded in drug-eluting beads (DEB-TACE) [43] . The rationale for TACE is based on the difference in blood supply between HCC tumors and normal livers. HCC tumors recruit their blood supply and nutrients exclusively from the hepatic arterial supply, whereas both hepatic arterial and portal venous blood can supply native liver. Additionally, HCC tumors are largely hypervascular relative to surrounding liver, which leads to preferential drug and embolic agent flow-based delivery to tumor rather than to liver. TACE techniques vary considerably as described in the literature. To date, no differences in outcomes have been identified between multi-drug chemotherapy and single-drug chemotherapy [58] or among embolization techniques. Transarterial embolization (TAE, or "bland embolization") without chemotherapy is not as effective as TACE [59] and has not demonstrated survival benefit [60] . Radioembolization with yittrium-90-labelled beads can also be performed for HCC, although it is less commonly used than TACE.
Two randomized controlled studies have demonstrated improved survival in patients treated with TACE compared to best supportive care [61, 62] . TACE is considered the standard of care for patients with unresectable intermediate-stage HCC [63] .
Few studies have investigated the effects of TACE on portal hemodynamics and HPVG. Spahr et al. studied acute changes in portal flow velocity (PFV) using Doppler ultrasonography as a surrogate for HPVG at 2 and 24 h after selective TACE for HCC [64] . In 15 patients, increased portal flow velocities were observed in both the embolized and non-embolized lobes at 2 h after TACE, with a persistently elevated portal flow velocity PFV in the embolized lobe only at 24 h. The authors suggest that, because the increase in PFV after super-selective TACE involves both the embolized and non-embolized lobes, mechanisms must exist in the cirrhotic patient for the regulation of portal and hepatic arterial hemodynamics [64] . However, as discussed earlier, there is currently no evidence for autoregulation of the portal venous inflow in either normal [18] or cirrhotic animals [22] . A more likely explanation is a passive increase in total portal venous flow, because reducing the flow from the high pressure arterial circuit automatically reduces ambient HVPG.
Increases in baseline liver function tests and total bilirubin are commonly observed after TACE and are consistent with collateral damage. Indirect surrogates of worsening portal hemodynamics, such as increased ascites, have also been observed, reflecting increased portal pressure. Variceal bleeding after TACE is rare and occurs in less than 1% of cases. Ascites, alpha-fetoprotein and alkaline phosphatase levels are the only true correlates with prognosis [65] .
The subset of HCC patients undergoing TACE with transjugular intrahepatic porto-systemic shunts (TIPS) in place represents an interesting model for studying the role of HVPG.
These patients already have decompensated liver disease and would be expected to decompensate further. Although only a few studies are available, most suggest that TIPS does not adversely affect TACE outcome [66] [67] [68] [69] [70] . A positive spin might be that TIPS prevented the expected deterioration.
A recent retrospective analysis of 158 patients undergoing TACE, 10 with previous TIPS, suggested a higher incidence of serious hepato-biliary adverse events in TIPS patients [71] , which is unexplained. However, there was no difference in the 1-year survival between the two groups, indicating the presence of long-term compensatory mechanisms.
Further studies relating outcomes after loco-regional therapies to liver stiffness or elasticity directly and longitudinally are indicated. From our discussion above, the concomitant use of drugs (such as sorafenib) or procedures (such as TIPs) that reduce portal pressure might reduce the risk of post-TACE decompensation.
CyberKnife CyberKnife, or stereotactic body radiation therapy, limits exposure of non-tumor cells to radiation damage by focusing ionizing radiation on target tissue even during motion of the liver with respiration. It has been shown to be safe and effective for primary HCC [72] and is useful as a bridge prior to transplantation [73] . An advantage over TACE is that it produces acceptable local control in patients with portal vein tumor thrombosis [74] . A comparison between CyberKnife and RFA or TACE on liver stiffness is indicated.
Systemic Therapy -Sorafenib
Sorafenib is an oral multi-kinase inhibitor that inhibits cell proliferation and angiogenesis. It targets several tyrosine kinases such as Raf kinase and Vascular Endothelial Growth Factor (VEGF) receptor 2 and 3 as well as Platelet-derived Growth Factor (PDGF) receptor beta. It is the only drug currently approved for the treatment of HCC [75] .
An interesting and potentially important observation from animal models is that sorafenib reduces developing and established portal hypertension [76] [77] [78] . Two recent studies in patients with cirrhosis and HCC have demonstrated a decrease in portal venous flow or pressure on sorafenib treatment [79, 80] , with a trend toward better survival in those patients with reduced HVPG (20.5 vs 10.6 months). Two of the four responders received concomitant beta-blockers.
The effect of sorafenib on portal venous flow and portal pressure in patients with cirrhosis and HCC deserves further study. In trials in renal cell carcinoma (RCC), an increased risk of gastrointestinal bleeding was observed [75] . By contrast, in HCC and cirrhosis trials, bleeding risk was similar to that for a placebo. This is surprising, because patients with cirrhosis frequently have thrombocytopenia, increased prothrombin times, varices and congestive gastropathy and would be assumed to be at greater risk of bleeding than patients with RCC. Sorafenib might exert a protective effect against bleeding through a reduction of portal pressure.
In the pivotal trial of sorafenib in HCC [75] , patients with liver tumor arising within a background of Hepatitis C virus (HCV) cirrhosis fared better than those with chronicHepatitis B virus (HBV) or other chronic liver disorders. A possible explanation is that, unlike HBVrelated HCC that can arise in non-cirrhotic livers, HCV-infected patients are almost invariably cirrhotic [81] . Improved survival in these patients might reflect an effect of sorafenib on portal pressure.
Finally, a trend toward improved survival was observed in HCC patients treated with sorafenib who had reductions in HPVG [80] . A combination of sorafenib plus propranolol, nadolol or carvedilol, obeticholic acid or statins in HCC patients might prove useful in increasing patient survival or in reducing the risk of decompensation after resection or TACE.
Summary
The backdrop of cirrhosis complicates the management of HCC. Scarring in the cirrhotic liver reduces elasticity and increases liver stiffness. Nodules of HCC cells disorganize the blood flow through the liver, further aggravating liver stiffness. With increased stiffness, the sinusoidal vessel walls become more rigid and, in accordance with Hagen-Poiseuille's law, HVPG increases very steeply with any change in net area or radius of perfused sinusoidal vessels, which follow resection or other locoregional therapy. The shearing forces consequent upon increasing HVPG can lead to severe damage to endothelial cells. HCC progression and management is therefore dependent on liver stiffness and its surrogate, HVPG. Studies designed to investigate correlations between liver elasticity, treatment modality and outcomes are warranted. Trials combining the various forms of loco-regional therapy with portal pressure reduction using drugs, such as sorafenib, propranolol, nadolol or carvedilol, obeticholic acid and statins, or procedures such as TIPS are also warranted.
